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INVESTIGATIONS OF DIELECTRIC-ROD FOUUSING
FCR TRAVELING-WAVE TUBES

I. IRTRODIXCTION

The objective of this research work was to devise and investigate
new approaches towards achieving lighter weight and less expensive
wide-bandwidth microwave power sources. The Navy has urzent needs for
octave-bandwideh, inexpensive, lightweight wmicrowave amplifiers in the
2~1E GHz range. Teak output power should be more than 100 watts., The
only known device that will provide the bandwidth and power is the
traveling~wave tube. Such tubes consist of a well-focused beam sur-
rounded by a wire helix, Typical helix dimensions for this freguency
range are about 1,5 mm inside diameter and 15 cm in length. The beam
energy for optimum interaction must be approximately 8 o 15 k¥. Pres-
ent tubes utilize expensive magnets for beam focusing.

The ma jor engineering and rellability problem is to maintain focus
and alignment of the beam within the helix., The beam power, measured
in kilowatts, is capable of melting the helix within wmicroseconds if it
were to strike the helix directly. The beam must be kept weil within
the helix diameter without striking the fragile helix except for a few
stray electrons. A forceiful mechanism to guide the beam wirthin the
helix or the forceful establishment of a fixed equilibrium diameter or
the beam within the helix would be ideal solutions tc the problem.,

A number of focusing methods withoutr the use of a magnetic field
have been tried without great success. These are briefly reviewed in
paragraph II-1. A new possible approach has appeared in the literature
which {s worthv of consideration.

In 1971 Bennett and his couorkers1 described a simple cold elec-
tron emitter and electron beam guided on a dielectric rod without a
magnetic field for focusing. The 3 MEV beam produces as much as
200,000 amperes of current. The dielectric rod provides such strong
focusing fc -es that the rod can be bent into a %0° arc, and yer the
beam follows the dielectric rod. 1If such a focusing svstem and cold
cathode could be scaled to lower beam walocities, rthis would be a very
worthwhile approach towards & substantiai reduction in the cost of
traveling-wave tubes. This report describes irvestigarions and expari-
ments to adapt the Bennett tvpe focusing and cold emission to low-cost
traveling-wave tubes.

*From the beginning, it has been clearly recognized bv both man-
agement and research persannel that this project is a high risk but
possibly & high payoff undertaking.

Note: Manustript submitied June 3, 1976




Bennett's experiments are with heam energies of 3 MEV, high cur-
rents, contimuously pumped vacuum systems and pulse times of less than
i00 nanoseconds. The present applicacion at beam energies of 8 to
15 k¥, beam currents of approximacely one ampeere and pulse rtime of
? wicroseconds s an entirely different regime. However, Bemnett's
experiments show that the dielectric rod remains near carthode potemntial.
Therefore, the slectrons must be moving at a relatively low velocity
near the dielectric rod. This implies that the strong focusing forces
are present with low velocicy beams. This fact encourages ones to hope
that the strong focusing forces may be present at lower tube potentials.

There ave two distinct innovations involved. One is the dielec~
tric~rod focusing and the other is the cold electron emission.

1I, DIELECTKRIC-ROD FOCUSING
1. Electrostatic Focusing Methods.

As background information it is useful to review briefly
previcusly used electrostatic focusing wethods (no magnets). Periodic
eleccrgs atic lens focusiug with solid electron beams has been suc-
cesgful®™" " for narrow-band and low-power traveling-wave tubes. However,
the focusing forces are not as stromg as magnetic focusing, and the
necessary microwave circuits ro produce the electrostatic lenses are
narrow bandwidth and costly.

Eleccrcstaticasly {ocused hollow beams have been utilized i{n threse
ways. One approach 18 "Harris Flow™ in which a2 rotating aanular beam
is injected hetween two coaxial conductin~ 2ylindrical elactrodes, the
{nner of w'izh is maintained at a higher d-: potemtial, The radial
electric field between the coaxial cylinders is adjust:d to a value
which will equal the centrifugal force actiag on the electromns. Space
charge repulsion forces within the beam add to the outward centrifugal
force, bur the space-charge forces are zerc at the inner radius of the
beam. There.ore, the rotational centrifugal force must be included so
that # balance of forces can be achieved, A force balance at every
radius of the bteam would be poscible only if tue charge density of the
injected beam could be made to vary as the inverse fourth power of the
radius. This type of focusing has been used on low-power experimental
tubes with the outer cylinder as the microwave circuit, but the tubes
a.e narrow band mainly because the inner metallic rod within the cic-
cult tends to eliminate the longitudinal microwave zlectric field,

A similar tvpe of cgaxial electrostatic focusing is utilized in
the helitron oscillator1 which also uses a rotating hollow beam to
obtain an outward radial force balanced against the radial inward
electrostatic force due to a pesitive potential on the inner cylinder.
The difference i{s that the inner cvlinder i{s the microwave circuit
which produces both dngular and radial cemponents of wmicrowave fie'd,
Electrons move towards the circuit when they lose energv te the circuit,
This effect increases microwave interdction and efficiency and i3




similar to the "M” type interaction of msgnetrons ard other crossed-
field rubes., 1the rubes are narrow band.

& third type of hollow-beam coaxisl electroatatic focusing 18
sccomplished by making the outer coaxial cylinder a series of rimg-type
leniges a3z shown in an excellent paper by £, C, Jommson. 1!l These lenses,
which are also the microwave circuit, cause ioward converging forces cn
the beam. These immrd forces are balanced against the outwa.d elec-
trostatic radial field due to a d-c negative potentisl on the jmmer
cylinder., The Iegge—type micrwwave circuit ig narrow band, but a
perwveance of 5x10 © has been obtained with this type of focusing with
good beam transmission. (Perveance is defined as I[/v"' ~ where 1 is
the beam current and V is the beam energy.)

To summarize, electrostatic focusing of & hellow beam has been
successfully used between ccaxial metallic cylinders with the microwave
tircuit either as part of the outer or i{nner cylinder. Focusing forces
dve to electrogratic lenses, centvifugal forces, anmd the radial elec-
trostatic field beoween the cylinders have been emploved. If the
Bennett type of focusing is practical, then it would allow the outer
cyiinder to be a wide-band unifilar helix. The inmer dielectric rod
wounld have only minor effects on the longitudinal microwave fields.
Thus, the Bennetc-type focusing would be very compatible with wide
bandwid h microwave circuits.

2. Spsce~Charge and Pinch Forces

It is asswumed that the electron beam is moving parallel to
aund syrroundinz tne dielectric rod as shown in Fig. 1. The fccusing
forces to maintain this condition will now be examined; while the
initial escablishment of the condition shown in Fig. 1 will be dis-~
cussed in the following secticn on cold electron emissicn.

Bzmnett1 et al ascribe the dominant focusing force to the self-
focusing effect of the beam due to the beam’s own magrneric field. The
magnetic field of the beam produces an inward force and drives the
beam towards the dielectric rod. This imward self-focusing of the
beam is called the pinch effect. The opposing outward forces are
space.-charge repulsion and negative charge in or near the dielectric
rod surface. It is well known that space charge outward forces are
larger than the beam's inward pinch forces if there is no space-charge
neutralization due to positive fons. However, Bermett et al assume a
supply of positive ions which partially neutralize rthe gpace-charge
force as due to:

{1) Tons forw.d bv impact ifonization with residual gas by the
electron beam.

{(2) Ions forwz2d by particle collisiona with the dieslectric vod,.

(3) Tons formed in the nearby volume moving tcwards the dielactric
vod due to the negative charge on the rod and the beam.




1t should be noied that whenever the beam density is high, as, for
evample, in the center of the beawm, there i3 a potential depression
within the beam due fo the negative space charge. Any nearby positiwve
ions will move towards this poteuntizl depression and can remain rhere
for long periods of time. For exawpla, pogitive iom neutralization of
space charge by ion tr&p?ing in cylindrical beams has been p?gsible
eve? aEEpressures of 107 torr as shown by Ginzton snd Wadia*® and by
Field.

Since the objective application is to be a sealed-off tube which
hag a rezsonable shelf 1ife, high vacuum and well-outgassed slectrodes
are assumed. This means that neutrzlization of space charge by posi-
tive ions cannot be neceszarily assumed. Since beams belcow 30 kV
energy are being considered, relatiwviscic corrections are not neceg-
sary, A upniform, constant-densitv laminar-flow beam, which is at a
constant beam velocity and is located near the dielectric surface, is
assumed as shown in Fig. 1. Positive ions, formed by impact collisions
with neutrals, are assumed to be uniformly distributed with near zero
initial welocitvy. (This assumption is somewha! questionable sirce
positive ions tepd to move to positions whers the space charge poten-
tial depression is greatest.)} The ratio of positive ions to electrons
present per unit length of beam is £. The longitudinal beam velocity
v is asgsumed to be undisturbed by collisions., MKS units are used
throughout this report,

The cutward space-charge fovce within the beam for the partially
neutralized hollow beam can be obrajned directly from Gauss' law:

! 2 2)
elir ~rl
F, = eE = {1-£f) for r1<r<r2, (1)

s ] 2€OVt

and outside the bearn:

2 2
eJ r2~r1
= -f3
FS ZEOvr (1-t) for r>r, (2)

where F_ is the outward radial force of repulsion in newtons, J is the
beam current density, e is the electron charge, r is the variable
radius, ry islshe inner beam radius, v is the beam velocity, and ¢

is 8.85 x 107 farads/merer. The radial distance from the inmer
radius to any radius within the beam is (r-rl). It should be pointed
out that this nearly linear radially increasing force function depends
upon the agsumption that the beam is injected into the focusing system
at a constant current density. If the injected current density varies
with radius, then the force will vary as the current enclosed.

¢ch’ force within the electron beam, which opposes

The inward "pin
charge fovce and which is caused by the seli-magnetic




f£iald of the bess, can be ohtained from Axpere’'s law:

-ewv: J a5
F o= gvy H, = e e -rt) for ro<r<r {3
o Hatld 2r 1 1 2°*
and outside the beam:
ev.: J 2 2
Fm R e (rz-rl) for r>r2 {4)

where F_ is the imward pioch forcs in newtons, g is 1.26
hearieg/ewerer, and e, v, 4, Tis ared ry are iv HK? unit
magnetic field intensityv.

1f the surface o1 the dielectric rod is at a positive rotential
Vy with respect to the outer cylinder (which may be the helix), then
the resulting electrostatic field produces an ipward force on elec-
trons located etween the cvlinders. This inwavd foree from Gauss'
taw is:

v~y )
. -1 37 @ P
Fo = T = for rl r<vr, (5)
In 5 - ’
r
1

where V., is the potential on the outer cylinder, V. is the surface
ootential of the dielectric rod, ry is the inside radius of the outer
cylinder, r, is the radius of the dielectric rod, and r is the radius
of the point at which the force is being calculated.

The force calculated from Eq. (5) depends on a positive potrential
at the surface of the dielectric rod. This positive porcntial can be
due to the positive charging of the dielectric red by electrons strik-
ing the rod causing secondary electrons to escape, More seccndary
electrons can escape than primary electrons arriving causing the rod
to lose electrons and charge positively., The dielecrric rod can also
charge posirivelv by positive ions striking the surface and recombin-
ing with surface electrons. On the orher hand, the dielectric rod can
charge negatively when the surface electric field conditions are un-
favorable for collecti~n of the emitted secondaries or rhat the number
of emitted secondaries are fewer than the primary electrons.

The total of the vutward radial forces acring on the electrons
within the beam is the sum of Eqs. (1), 73) and (5):

1 3¢ e (6)
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the suh ob Zgs. 2y, (=3

2 , anad (>}, <ould be written
orces outside he beam. The firstc term in £¢. (A) contains 2
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(2]

Y1 function which can be shown to be very nearly & linear increase
-
ia force as the radius within the beam increases. On the other hand,
the force due to the second term {with the dielectric positively
charged) decreases inversely ag the radius., Therefore, the forces
due to the first and second terms can be matched at only one radius.
Tiere could be 3 perfect balance of forces at all radii if che
{1-F-v*/c®) .erm were zero and if gvl-v3) wvere zero. If { were unity
and Vl-ﬂ% were zero, then the v“/c° imvard pinch term would dominare.
However, this condition is difficult to realize in practice {(at least
to the authors) because the space charge neutralizatioa not only elim-
inates the space-charge fields bur also sericusly modifies the applied
static fields,

g
k!
3
1
§
i

Equation {6) gives all of the known forces preseace in high vac-
vum devices under the assumptious made. We seek an explanation for
the stromg inward forces demonstrated in the Bennett experiments,

The first term ¢of Eq. (3) cannot become an inward force unless rhe

» retio £ of jons to electrons approaches wiity, This does not usually

. happen im 8 high vagu device but can occur within a gaseous dis-

" charge, The term v /c¢® camnot exceed unity and is only .039 ar 10 kv
and ,06 at 13 kV, which under nigh vacuum conditions is small compared
to the 1-f term. The second part of 29. (3} (resulting from Eq. (2))
produces an inward fcrce when the dielectric rod iz charged positively.
Bennett and others have shown experimentally that the dielectric rod
remains negative, near cathode potential,

if the dielectric rod remains near cathode potential as reported,
3 then elecrrons moving near the dielectric rod must have a low velocity
" correspondigg fo a potential mear that of the dielectric rod. There-
3 fore, the v“/c” term in Eq. (6) even for the relativistic velocity
experiments will be small. The cnly explanation of this apparent par-
adox known to rhe authors is that a gaseous discharge occurs which
" completely alters the voltage distriburions and makes Eq. (6) not
' applicable,

When an energetic electron beam makes an ionizartion collision
with 3 neutral molecule, the original beam electron leoses only several
volts of its energy and g.ves the created ion and free electron a volc
or so of velocity in a random divection. If these {ons and slow elec-
trons are prolific, thav is, if f is near unity, the ions rove iuto
regions of space-charge potenrtial depression causing neutralization of
the space charge, and morve significant, serious modiiirations of the
applied static fields. The farces are such that the charges move to
' readjust themselves to cancel anv deviation from space-charge neutral-
A itv, The effective range over which the charges can readjust to main-

tain space charge neutrality is called the Debve length ld
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where kT  is the energy of the electroms, Y, is 'he electron density,
and e is the electromic charge. Any complerely ionized region of
linear extent greater than )d is called a plasma, or more generally, a
plasma is an ionized region in which the net space charge is sssen-
tially zero. The plasma, or ionized ragion, is bounded by material
walls or etzctrodes of the tube. At these houndaries, space-charge
neutrality will not hold, and a sheath region is formed that surrounds
the plasma. ‘Zny understanding of a gaseous discharge mus% be based not
only on i1ts plasma properties but alsc on the nature of the sheaths.
It can be shown that hoth the electric field and gpace charge densities
at the boundary edges of the sheath becone very large and that the
ath thickness is approximately the Debye length \d
- . 14 . L

The latest explanation of vacuem breakdown ie that the righ
currents originate from a plasma flare that rapidly spreads nver the
metallic cathode and alse moves toward the anode. The verv high break-
down current originates from this plasma flare as it moves towards the
ancide. A plasma sheath probably forms at the cathode which aids in
nreviding high fields at rhe cathode for eleciron emission to the
plasma flare. It seems plausible that this plasma sheath could cover
net only the cathode but alsc the dielectric rod which is attached to
the cathode and can be f*OLg%k of as part of the cathode, Almost
surely the plasma sheath h s hizh lateral conducciviiv hecause af
high space charge densi:y. Thus, the plasma sheath surrocunding the
dielectric rod is the explanation offered that fits the experimental
observations of the high lateral conductivity along the dielectric rod
and tne guidance of the current alowng the rod.

;e
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It has been sugpested that electron bombardment induced conduc-
tivicty witnin the dielectric rod near its surface can explain the high
conductivity of the rod, It has been shownl3 tha: electron bombardment
conductivity requires electric fields near 10° wolts/ecm and the observed
bombarcment induced conductivity is rtoo low to account for the many
thousands of ampeies of current that have been observed to flow along
the rod,

ITT, COLD ELECTRON EMISSIOXN

As background informa-ion the differeny :,.pe of field emitcers
will be brieflv Jdiscussed which will serve as an infreoduction to the
field emission method used in rhese experimeate.

1. Sharp-Point Emitzers

a2l tunzsten point emictters as exempliiied by the

a a
work of Dvke and cthers reauires ultra-high vacuum and consist of 2
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needle-like peoint czathode spaced some distance from an anode., If the
current is increased bevord a few micrnamperes, back bombardment of the
sharp point em.tter by positive ions destroys the emission point.

An arrav of such sharp-point emitters is capable of supplying a
fev milliamperes -f steady d-c curreant. Commercial sealed-off high-
voltage X-ray tubes are available using this type of emitter. Recent
work at Stanford Research Institute and Georgia Tech. seeks to increase
the anumber of sharp-poinr emitters per unit area and thereby increase
total emission current,

2. Single-Shot Emitters
17,18 . . - .
A second type of field emitter ut;lizes planar or hemi-
spherical cathode surfaces of metals such as alumipum, stainless steel,
or ecven brass, Sometimes these surfaces are sectioned with an exposed
coplanar surface of insrlation such as lucice, ceramic, or giass. The
anode is usually a thin wetallic foil spaced a few millimeters from and
parallel to the cathode surface. When the nrulse of high voltage (0.1
to 2 MEV) is applied to the ancde, a high current flows from cathode *o
anode. The anode foil meits almost instantaneously, and the current
flows through and beyond the anode electrode to the target, This is a
single~pulse electron gun and a new anode foil must be mounted for each
emission pulse. The current reaches values as high as 1066 amperes.

The emission is not sensitive to vacuum pressure, and the emission is
not greatly different from a vacuum arc.

h)

In an excellent paper Parker‘4 et al give experimental evidcnce
that the many amperes of emission originate from a plasma {lare which
begins at the cathode surface and moves twwards the anode at a velocity
of approximately 3 cm/microsecond. The plasma flare is caused by the
destruction of whisker-like protrusions on the cathode surface. Field
emission from the whiskers results in regneerative resgistive heating,
evaporation, melting, destructior, and plasma flare formatior. The
amount of anode current can be estimated from the space charge .imited
emission available from the moving plasma flare. The anode current
therefore increases as the plasma flare moves towards th2 anode.

In the descripticn of the cathodes no reasons are given whyv
coplanar insulating surgaces are sometimes embedded in the cathode,
but almost surely metal-insclitor erhanced field emission is being

utilized as described in paragraph 4 below.

3. Magnmetron-lnijection Gun Emitre:s
14-20

A third tvope of field-emitter cathode is essentially the
same as : except that an external magnetic f{ield is emploved to deflect
the beam awav from the anode structure. This change avoids the incon-
venience of having to change anades rrom pulse to pulse and allows one
to obtain a current pulse zhout oance a minute, The pun geosett:
used in microwave tuves. A

m

similar to the "magnetron injection gun’




hollow bezam is produced. (See Ref. 19 for derails.)

4, Metal-Insulator Enhanced Field cmission
. : 21-22
For many years it has been known, but not generally

. recognized, that there is a strong tendency for insularors n vacuum
to breakdown, or field emit, at the junction where the negative elec~
trode is attached to the insularor. (Incidentally, this has been a

. vacuum breakdown problem of much grief in the design of vacuum devices.)
A few s*ray electrons from almost any source, and only a few are re-
quired, strike the insulator and by secondary emission charge the in-
sulator. There are usually more secondaries emitted by the insulator
than theve are primaries striking. Therefore, the insulator charges
positively towards the anode potential. The insulator will charge to
the zntential at which the secondary emission is unity (called the
“secend-crossover' potential} or to the anode potential, whichever is
the ie.ser. For this positive charging to occur it is necessary that
the emitted secondary electrons ''see,' or be in the presence of, a
collecting field for electrons such as would be the case for a nearby
positive anoce. The result is an unequal voltage distribution across
the insulator with most of the voltage drop near the negative elec-
trode and consequently a high field at the junction of the insulator
and negative electrode., This is an alternate method of field enhance-
ment different from the use of sharp points.

. Thus, field emission and breakdown tend to occur at rhe junction
of negative electrode and insulator where there are favorable field
conditions for collection of secondaries by a nearby anode, This field
emission, when it does occur, is offentimes not self-sustaining because
the insulator cannot take net current and because the voltage and/or
field distribution on the insulator can change rapidly depending on the
net charge received by the insulator at each peint on its surface dur-
ing the field emission process. If, however, the negative electrode
contains trapped gases, the field emission can gquickly develop into a
gas discharge and vacuum breakdown.

In Bennett's invescigationl the insulator rod is mounted in the
center of the cathode electrode. 1t is believed that secondary emis-
sion positive charging of the insulator rod by stray electrons causes
an enhanced field at the cathode-insulator rod junction and field
emission occurs at this metal-insulator junction. The field emission
point quickly melts causing gas to be emitted. Positive ions are
formed and move towards the cathode causiung higher [ields, fon bombard-
ment, and increased el.ction emission. A gas discharge and plasma

“if the negative metal-insulator junction is shirlded by a sur-
rounding skirt-like metallic negative electrode such that secondaries
are suppressed, then the tield emission and breakdown tendencies are

- reduced by a factor as much as five or more. Such skirts or shields
are almcst essential for reliable high-voltage vacuum insulators.

R . A e e S e T e




quickly form which moves towards the anode as well as sprsading over
the cathode and the dielectric rod. In meving towards th: anode, the
plasma or 'cathode flare' probably moves along the dielectric rod since
a plagma sneath must form at the surface of the dielectric rod., The
thickness of the plasma sheath is approximately the Debye length and
the dielectric charges slightly negative with respect to the plasma to
reject energetic electrons such that the number of electroms and ions
striking the dielec:ric will be equai in order to maintain charge
neutrality within the plasma, Charge neutrality within the plasma
sheath at the surface of the dielectric will not hold, and the charg:
density and fields will be high ~-- indicative of high lateral conduc-
tivity along the plasma sheath. This proposed explanation differs
from a true piunch explarnation.

Iv, EXPERIMENTAL RESULTS

Experiments were performed to obtain cold emission from the junc-
tion of a negative electrode and insulator rod. A copper sleeve sur-
rounding an insclator sapphire rod, 3 mm diameter, wa: used as the
cathode and a metallic disk-type sleeve spaced about 3 mm from the
cathode was employed as the anode as shown in Fig., 2. The anode was
lightly coated with fluorescent powder for the purpose of viewing the
anode current. The tube (vacuum bell jar) was pumped to about 10~
torr and a d-c voltage cf about 9 kV applied between cathode and anode.
The insulator rod charged positively by seconaary emission of stray
alectrons to approximately the anode potential. (Only a few electrons
are required to charge the rod.) The positively charged imsulator
produces a very high field at the cathode metal-insulator interface
and causes field emission to occur at this metal-insulator juncrion
even though the spacing between anode and cathode is relatively large.
At 9 kv a field-emission current ¢i & few microamperes flows between
cathode and anode. Because the insulator rod is charged positively
the current tends to be attra-ted towards the insulator rod and flows
near or along the rod and tombards the anode verv near the rod as
indicated by anode fluorescence confined to a r=dial distance within
0.5 mm of the insulator rod. This is clearly dielectric-rod focusing,
and one has a strong desire to obtain quantitative data and to increase
the current. The focusing force is given in Eg. (5). However, this
is a highly unstable and regenerative condition and it can only be
obtained with several megohms resistance in series with the pew:
supply for purposes of stabilization to aveid a vacuum discharge.

When the anode voltage is increased a few volts, the anode cur-
rent suddenly increases and a vacuum discharge occurs. The entire
anode then fluoresces and a glow or arc discharge is observed with
licrtle or no focusing due to the insulator rod. 1If this experiment
is repeated with pulse voltages of about 2 ;s duration instead of a
d-c voltage, then essentiallv the same results are obtained except
that it is exceedingly difficult to observe or measure the vrebreak-
down field cmission curient because it is only a few mic._.mperes cf
pulse current and at low dutv cvcle, (At any mowment the few micro-
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amperes will suddenly become amperes and overload the sensitive ampli-
fiers required to detect the microamperes,) The voltage required for
the prebreakdown field emission and vacuum discharge increases after
geveral discharges from 9 kV to 10, 12, and 15 and perhaps back to

10 kv in an inconsisteunt fashien. 1t would require much more voltage
(20 to 30 ¥V) to trigger a brenkdown consistently. Therefore, a trig-
ger mechanism had to be devisec to obtain consistent current from pulse
to pulse since the intended application required a beam voltage less
than 15 kV.

A igger was designed somewhat similar to that used by
lafferty in triggered vacuyum gap devices., A titanium film was
sputtered onto the end of a ceramic cylinder as shown in Fig. 3. The
film was hydrogen fired such that a large amount of hydrogen was ab-
sorbed. The outside cylinder was metalized to provide a connection
to the film, A metal insert imside the cylinder provided the other
connection. The fiim was scratched or cut with a sharp tool around
the circumference such as to provide a small vacuum gap when voltage
is applied to the film., A pulse of B kV in series with a 10K resistor
will consistently cause a discharge across the gap. Electrons can be
either extracted from the discharge or the discharge itself can be
used to trigger a larger discharge. Because of the hydrogen firing
of the titanium film the discharge is rich in hydrogen ioms, but be-
cause of the presence of the titanium film and other titanium elec-
trodes, the hydrogea can be gquickly absorbed. (Titaniwm is the best
known "getter” or absorber of hydcogen). With about 850 ma of dis-
charge rurreat through the film, the current that can be extracted
as beam current is about 800 ma., Therefore, a large percentage of
the trigger current is useful as beam current. Voltage drop across
the film during the discharge is about 100 volrs.

After a number of preliminary experiments, the tube shown in
Fig. 4 was construcred. Cylindrical electrodes Gy and Gy were made
of fine mesh screen and were therefore transparent to light, but
substantially opaque to clectric fields, Rlectrodes Gy and K were
macde of the proper dimensions such thact a cathode image could be
focused onto the phosphor-coated collector C. The titanium-film
cold-cathode electron gun described above was used as the electron
source. Before installing the cylindrical titanium shield "S'" a
discharge was triggered by the electron socurce between Gy and Gy
when the d-c voltage between :those electrodes exceeded 4 kV. This
type of arcing had been experieaced on practicallv all previcus de-
signs. The probable explanation is that when the arc occurs across
the hydrogenated titanium film, a burst of Hy neutral molecules, ioms,
and : lectrons emerge from the film and trigger either a glow discharge
or arc across any nearby accelerating electrodes with d-~ voltage be-
tween them, Therefore, a rshield of titanium metal was used as shown
in Fig. 4. The shield either acts as a getrer or shadows the titanium
film electrode gap -- it is not known which of these factors is the
mos ¢ important. in any event, the shield is very effective and under
the samc conditions a d-c¢ voltage of 18 kV (irstead of the 4 kV previ-
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ously) could be maintained withour a discharge between Gy and ¢y ov
between G; and [. The shield makes possible the use of accelerating
and focuging electrodes. Of cours2, the suleld itself acts az a
Ycathode lens' to converge elcctrons ererging from the cathode area.
However, the electrons emerging from the titanium~-film cathode are
guite divergent as the following experiment shows.

The insulator rod, shown in Fig. 4 ,wss removed for these tests,
With the electrodes "X" and "G," at ground potentizl anc with electrode
G, and collector C at 10 kv, the electrons emerging from the titanium
film diverge such that the beam diameter at collector C is about
7.5 cm D. as seen by the fluorescence on collecter €. At 18 k¥ the
beam is about 5 e¢m diameter. By operating Gy 2 kV negative, the
electrons emerging from the titanium film can be made to converge to
a minimum diameter at the collector '"C”., This minimun diameter was
about 2 ¢m. Thus, it takes strong ceonverging forces to cause this
winimuym diameter, and tne minimum dicrmeter is quite large.

The sapphire insvlator rod, 3 mm in diameter, as shown in Fig. 4,
wiss then placed into the 'cathode” and collector electrodes. A sap-
phire rod was used because of its availability, its high secomndary
emission ratrioc and its straightuess. Glass rods seem to work as well.
with elecctrodes K and Gy at ground potential and G and collector C
a2t + 10 kv, the beam diameter at the collector was less than 2 cm
(instead of 7.5 cm}, and the beam densitv was greatest nearest the
rod as judged by the brightness of the fluorescent coating on collec-
tor C. This is a clear indication that the beam is being 'converged"
onto the rod -~ that is, the insulating rod is providing a focusing
effect. Measured currents to the collector were about 800 ma,.

To eobtain more quantitative information, an aperture 1.27 cm in
diameter was placed in the G, clectrode as showm in Fig. 4. The pur-
pose was to learn how much current wouid pass through and reach the
collector. With + 5 kV on both the collector and Gy electrode, about
707 of the current reached the collector and at 7.5 kV more than 8&0%
reached the collector.

An attempt was made to measure velocity distribution of the elec-
trons within the beam bv depressing the potential of collector ¢ (Fig.
&) and monitoring the current to collector C. This was unsuccossful
because the secondary emission ratio of collector € is near umicty and
alimst as manv elecrtrons leave as arrive on collector C when it is
depressad, Therefore the current to collector C is the primary cur-
rent minus the secondarv current, and i1t is difficult to determine
tne magnitude of the secondary current because it is not accurately
koowm which electrodes collect the secondaries.

To determine velocitv distribation of the electron flow along
the rod, a "aradav-Cage retarding field collector was constructed
and added co rthe tube as shown in fig. 5. About 10% of the beam elec-
trone er _er the covlindrical cage thiough @ 1.3 mn diameter aperture,




YA'" in Fig., 5, located at the surface of the insulator rod. Few sec-
ondaries can escape from the cylindrical cage because there is no col-
lecting field. Therefcre, when the potential of the cage 13 depressed,
it should measure the truye current entering the cag>.

With c¢he iu=ulator in place and with 5 kV on the c¢ollector  and
zero potential on eleccrodes Gp and G, the ideal velocity distribution
at rthe collecror would be that substantially all of rhe electrons would
reack the collector and Faraday cage at or near 5 kV velocity. Mea-
surements indjcate that with the insulator rod in place B80% of the
electrons reach the coljector at less than 1.5 kV energy., Without the
insulator rod 807 of the electrons reach the collector at less than
3 kV energy. The experiment was repeated with 5 kV on Gy instead of
zero potential. With the insulator rod in place 60% of the electrons
reach the collector at a velocity below 1 kV energy, but the remaining
have a velocity nearly egual to the full 5 kV energy. Without the insu-
laror rod the distribution was approximately the same as with the rod.
It is difficult to believe this wide distribution in velocities, and
the results are suspect. Indications are that the wide distribution
is from either the electron source or errors in the Faraday Cage.
Multiple secondary emission collisions along the insulator rod could
c3use a wide distribution in velocity but this is ruled out because
the wide distribution is present with and without the rod. No obvious
errors could be found, and therefore a thermionic emitter was designed,
Thermionic emitters have a velocity distribution of less than one volt.
Any errors in the Faraday Cage can therefore be cbserved. Disadvantages
of the thermionic emitter are that the available emission current is
small and the cathode easily poisons in a oil-pumped bell jar system
and requires reactivation upon exposure to air.

The thermionic emitter design was tried in an attempt to obtain
better values of velocity distribution. The insulator rod charged
positively very near the cathode and as a result, currents were high
and uncontrollable. An attempt was made to repeat the expsriment with
the insulator withdrawn from the cathcde. However, the catixvde had
deactivated. The experiment was then repeated with a new oxide cathode
coating. The total cathode current was 20 ma instead of the 800 wma
previously. Less than 57 of this reached the Faraday Cage and as a
result meaningful pulse currents to the Faraday (Cage could not be read.
The experiment should be repeated using d-c measurements but collector
cooling may be necessary due tc power dissipacion.

V. CONCLUSIONS

It was shown that au insulator in contact with a cathode surface
charges positively and emnpnances the electric field at the metal-insu-
lator junction. This is a useful and practical way of obtaining en-
hanced field emission, and it is more rugged tuan the conventional
me thod of achieving field emission by the use of sharp points.




It has been shown that titanium-film electrodes containing ab-
sorbed hydrogen are a useful trigger for initiating a vacwm discharge.
This type of trigger can save the expease and weight of a large high-
voltage modulator in a2 microwave system., The high-vol:age elecurodes
can be operated at a d-c voltage, and the discharge can be initiated
by a 5 to 8 kV pulse across the titanium electrouies, This is similar
to a grid control.

No magnetic pinch focusing was observed at accelerating voltages
as high as 18 kV. Some limited experiments were performed up to 26 kV,
btut no magnetic pinch focusing was observed at any time during the ex-
periments. Power supplies were not available to go higher than 26 kV.
and besides, the objective range of interest was 8 to I5 kV beam energy
to match the pnase velocity of the wide-band circuits of comventional
traveling-wave tubes.

When an insulator rod is placed between positive and negative
electrodes in vacuum, the rod tends to charge positivel, by secondary
emission provided there is a collecting field such that che secondaries
can escape and be copllected. Electrons originating at or near the neg-
ative electrode will be attracted towards the insulator rod. This con-
stitutes a focusing action caused by the secondary emission positive
charging of the insulator rod and was observed and demonstrated. How-
ever, if an attempt is made to use this tvpe of focusing in a long
enclosed cylindrical structure whose radics is small compared to the
axial leungth, then secondaries cannot e-cipe, and the insulator rol
will not maintain its positive charge. The required radial field for
focusing is opposite to and in conflict with the required radial field
for collection of secondaries. Therefore, this type of focusing cannot
be used in 2 long, enclosed structure vhere the secondaries cannot
escape in the exial direction. Thus, such focusing is not practical
for present-dav traveling-wave tubes.

In Bennett's experiments the insulator rod is mounted on the center
of the cathode zlectrode. It is believed that secondary-emission charg-
ing of the insulator rod by stray electrons causes an enhanced field at
the cathode-insulator rod junction and field emission occurs first at
this metal-insuylator junction. This fi=ld emission quickly develops
into a whisker explosion and a plasma flare from which high-current
electron emission takes place as exnlained in Ref. 14. Apparently,
the plasma flare moves along the dielectric rod. 1In any case, the
insulator rod can be viewed as an extension of the cathode such that
the cathode carrent flows along the rod at either cathode potential or,
for the seconda:v emission explanation, at 2bcut S to 10 kV above cath-
cde potential (the ''second crosscver’ potential), The curreat appar-
ently does not flow along the rod at the full anude potential of one or
more MEV, These explanation; 1lmost rule out the use of an insulator
rod as a focusing device within the microwave traveling wave circuilt.
However, an insulator rod possibly may be useful for forming the beam
and guiding it to the entrance of the microwsve circuit.




¥i. RECOMMENDATIORS

Experiments sre needed at hipher volrages (30 to 900 kv) to deter-
mine Iif these cold-emission high-current cathodes are useful for
sealed-off high-power high-voltage microwave tubes. Some of the gques-
tions that require answers are:

1) Can thf current be controlled to a known value? Present theo-
ries of planmar diodes explain the emission as originating from a plasma
flare that moves from cathode to anode at approximately 3 cm/microsec-
ond., This means that the plasma-flare space-charge-limited electrom
emission increases as the flare moves closer to the ancde. Thus, the
current is not constant with time,.

(b) How does the above "moving plasma flare' explanation apply to
an insulator rod cathode? Does the "flare' move along the rod at
approximately the same velocity of 3 cu/microsecond?

{c) What is the distribution of emission velocities in these
carthodes and on what paramerers does the emission velocity depend?
Does the presence of the insulator rod increase the distribution of
emission velccities?

The above questions need at least a parrtial answer before the
cathodes can be used in microwave tubes with design confidence.
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Fig 3 - %itanwm fdm tngger device for producing consistent electron discharges near
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19



SHIELD §

TITANIUM FlILM
/ PHOSPHOR
! COLLECTOR C

APERTURE A"

PULSE W { INSULATOR
ROD 3 mm D.

— e v o -

'L’ 10 kv -10 kv

Fig. ¢ — Experimental tube for observing insuwlatorrod focusing. Cylindrical
mesh grids 1 and 2 are transparent to light in order that the beam size at
Collector C can be observed by means of the phosphor deposited on Collector

C. Aperture “A'" added in later tests.
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Fig. 5 — Experimenta! tube for measuring velocity distribution of the beam.
Faraday cage collector is designed to trap a sample of the eleciron beam without
allowing secondary electrons to escape.
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